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ABSTRACT 
The effects of pre-straining and bake hardening on the mechanical behaviour and microstructural 
changes were studied in two CMnSi TRansfol1l1atiou-Induced Plasticity (TRIP) steels with different 
microstructures after intercritical annealing. The TRIP steels before and after pre-straining and bake 
hardening were characterised by X-ray diffraction, optical microscopy, transmission electmn 
microscopy, three dimensional atom probe and tensile tests. Both steels exhibited discontinuous 
yielding behaviour and a significant strength itK'TeaSe with some reduction in ductility ailer pre-
straining and bake hardening treatment. The following main microstmctural changes are 
responsible for the observed mechanical behaviours: a decrease in the volume fl:action of retained 
austenite, a increase in the dislocation density and the formation of cell substmcture in the 
polygonal ferrite, higher localized dislocation density in the polygonal ferrite regions adjacent to 
mmtensite or retained austenite, and the precipitation of fine iron carbides in bainite and martensite. 
The mechanism for the observed yield point phenomenon in both steels after treatment was 
analysed. 
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INTRODUCTION 
In order to reduce weight and save energy, there has been an increasing interest in application of 
high strength steels for car stmctural components. As one of the advanced high strength steels, 
transformation-induced plasticity (TRIP) steels have attracted the attention ofbotli the steelmaking 
and automotive industries over the last two decades. TRIP steels consisting of a complex 
multiphase lnicrostructnre (polygonal ferrite, carbide-free bainite, retained austenite and maltensite) 
offer an excellent combination of strength (700-1000 MPa) and ductility (30-40% total elongation) 
[ I]. The interaction of the lllllltiple phases present in the microstructure during deformation and the 
strain-induced transfol1nation ofthe metastable retained austenite to martensite [2,3] are thought to 
be responsible for these mechanical propelties. At present, several studies have been undertaken to 
investigate the effect of the chemical composition and processing parameters of TRIP steel sheets 
[2,4,5J, because these are the two main factol'S that can affect the volume fraction and stability of 
the retained austenite in TRIP steels. 
ff \-10 
On the contrary, little work has been conducted on the variations of the mechanical propelties and 
miL.'rostructures during the paint baking of defonned panel pmis of TRIP steel sheets. When the 
steels are used for outer body parts and subjected to the paint baking cycle, additional strengthening 
of approximately 100-200 MPa arises from bake hardening and results in good shape fix-ability 
and improved dent and crash resistance [6]. Recently, research on bake hardening of intercritically 
annealed eMnSi TRIP steels has shown an increase in yield strength and the appearance of yield 
point ailer 2-10% pre-straining and baking at 170-180 °C for 20-30 min [4,7]. It has been 
proposed [4] that the formation of carbide-fiee bainite is responsible for tbe increase in the yield 
strength a fter bake hardening, because bainite has much faster bake hardening kinetics than the 
ferrite due to its higher carbon content and smaller grains, reducing the diffusion distmlces for 
dislocation locking by carboll. 
The present \-york focused on the effect of pre-straining/bake hardening treatment on the 
microstmcture and mechanical behaviour of intercritically-aunealed Ov1nSi TRIP steels. In 
particular, the aim was to evaluate the effect of initialmicrostmcture on bake hardening response in 
the studied steels. 
EXPERIMENTAL 
Two TRIP steels (hereafter designated as TRIPO 1 and TRIP02) used in the current work were 
produced by a standard cold rolling and intercritical atlllealing processing. The chel1llcal 
compositions of the studied steels were given in Table 1. To study the effect of the pre-straining 
(PS) and bake hardening (BH) treatment on the mechanical propeliies, tensile specimens were 
machined from the strip and subjected to 4-5% pre-straining in tension before bake hardened at 
180°C for 30 minutes. Room-temperature mechanical properties of the samples ailer 
thermomechanical processing (as-received) and after additional PS/BH treatment were evaluated 
using an Instron 4500 selvohydraulic tensile testing machine with a 100-kN load celL The 
crosshead speed was fixed at 0.5 mm/nun. Due to the limited amount of material available subsized 
samples with a 35 mm gauge length and 6 nun width were used. A series of up to three tests were 
used to define the average values of mechanical propelties. The yield strength was defined by the 
0.2 % offset stress (00.2) for as-received samples. The bake-hardening response was measured as the 
strength difference between the upper yield strength ailer BH treatment and the flow stress after PS 
[8]. 
Table 1 Chemical composition of the TRIP steels (weight percent wt.%; atomic percent, at.%) 
Steel C Mn Si Al Cu Cr P 
TRIPO! wt.% 0.21 1.68 1.42 0.035 0.010 0.03 0.020 
at.% 0.96 1.67 2.67 0.071 0.009 0.03 0.035 
TRlP02 wt.% 0.12 1.39 1.77 0.031 0.005 0.02 0.004 
at. % 0.55 1.38 3.44 0.062 0.004 0.02 0.007 
X-ray diffraction analysis was perfonned using a Philips PW 1130 (40 kV, 25 mA) diffi"actomeier 
equipped with a monochromator using Cu Ku radiation to confnm the amount of retained anstenite 
in tIle microstmcture. Spectra were taken in the range fi"om 30 to 120 degrees with a 0.020 step size. 
The integrated intensities of the (200)<1, (211)1'> (200)y, (220)1" and (311)y peaks were used in the 
direct comparison method [9]. The carbon concentration of the retained austenite was evaluated 
from the lattice constant measured fioIll the (200)", (220)1' and (311))' diffraction peaks using the 
following equation [10]: 
., 
ay = 3.578 + 0.033 x wf.%C (1) 
The microstructure was characterised using transmission electron microscopy (TEM) on a Philips 
CM20 operated at 200 kV and an Imago Scientific Instruments local electrode atom probe 
(LEAP'~\ The samples for both studies -were cut perpendicular to the defonnation (rolling) 
directioll. Thin foils for TEM were prepared by twin jet electropolishing using a solution of 5% 
perchloric acid in methanol at -20 0(' and an operating voltage of 30 V. The dislocation density was 
calculated by measuring the total dislocation line length in a unit volume of clystaI giving a 
parameter in terms of length (m)/m3. So, the dislocation density (A), is given by [11]: 
A =2NJiLt, (2) 
where NL is the number of intersections with dislocations, L the length of random lines, and t the 
foil thickness. The standard two-stage electropolishing procedure was used to prepare the needle-
shaped atom probe specimens [12 J. Atom probe experiments were perfonned on a local electrode 
atom probe located at the University of Sydney, with a sample temperature of 80 K, a pulse 
repetition rate of 200 kHz, and a pulse fraction of 0.2. Maximum separation envelope method [12] 
witIl rima;.;. = 1 lllll was utilised to identify C segregation to dislocations, clusters and fIne precipitates 
in polygonal ferrite or bainitic fenite. 
RESULTS 
A. Mechanical properties 
The mechanical properties of the steels in both as-received and PS/BH state are given in Fig. 1 and 
Table 2. Both steels exhibited a good combination of strength and ductility in the as-received 
condition with higher values of strength 311d ductility for TRIPO I steel compared with the TRlP02 
(Table 2). In this state both steels showed a continuous yielding behaviour (Fig. 1). A continuous 
eXllonential decrease was distinct in tIle strain-hardening rate curves for both steels (Figs. 2 (a) and 
(b)). After the PSIBH treatment, both steels demonstrated a yield-point phenomenon on the stress-
strain curves. After yield point elongation, the flow stress started to increase until necking OCCUlTed. 
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Fig. 1 Uniaxial tensile stress-strain curves of the TRlP steels after different processing. 
The strain-hardening rate curve of the TRlP02 steel after PSIBH n:eatment still showed a 
continuous exponential decrease (Fig. 2(b». On the cOlltralY, the stnlill-hardening rate of the 
TRlPO! steel after PS/BH treatment decreased shmply to negative values and t11en stalted to 
increase at around 6.5% true strain (Fig. 2(a». As seen from Table 2, the PSIBH treatment led to a 
significantly higher yield strength (~200 MPa) and a slightly higher ultimate tensile strength (~15 
MPa) in both steels. However, the total elongation decreased by -11 % and-4% for the TRlPO! and 
the TRlP02 steels, respectively, and the uniform elongations reduced by -9% for TRlPOI and ~6% 
for the TRlP02. Both TRlP steels displayed a noticeable bake-hardening response (~82 and --60 
MPa for the TRIPOI and the TRlP02, respectively). 
Table 2 Mechanical properties of the investigated TRlP steels aner different processing. 
tITS YS Total El UniformEl BH response 
Steel Conditions (MPal (MFal ~%l (%l !MPal 
TRlPOI as-received 880± 15 608 ±20 40±2 30±2 N/A 
4%PSIBH 891 ± 15 803 ± 20 29±2 21 ± 2 82±2 
TRlP02 as-received 795 ± 10 520 ± 10 31 ±2 27±3 N/A 
5%PSIBH 81O± 8 735 ±5 27±2 21 ±3 60± 3 
UTS: ultimate tensile stl'ength, YS: yield strength, Total El: total elongation, Ullifonll E1: ul1iform 
elongation, BH respOll.'Je: bake hardening response. 
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Fig. 2 Variations ofthe strain hardening rate with the true sn'ain ofthe (a) TRIP01 and (b) TRlP02 
steels. 
B. Microstructural fe:ltures 
Optical micrographs revealed that both TRlP steels showed a complex multi phase microstructure 
(Fig. 3). In the as-received condition, the microstructure of the TRIPO 1 steel cOll.<;isted of -." 30 ± 3% 
polygonal ferrite (PF), ,,,56 ± 3% bainite, ~1O ± 3% retained anstenite (RA) with an average carbon 
content of 1.21 ± 0.04 wt.% mId the remaining of martensite. The polygonal fenite grain size was 3 
± 1.5 pm. The TRlP02 steel contained ~70 ± 3% polygonal fenite and ~20 ± 3% retained austenite 
with all average carbon content of 1.20 ± 0.05 wt,%, TIle remaining small volume fraction 
contained martensite and bainite. TIle average size of polygonal ferrite grains was 4 ± 1.5 ~lm, The 
volume fraction of retained austenite decreased from ~1O% in as-received condition to ~8% in 
PSIBH state for the TRlPOI and from ~20% in the as-received condition to --12% in the PS/BH 
state for the TRIP02 steel. In addition, the PSIBH treatment led to an increase in carbon content of 
retained austenite to 1.28 ± 0.04 wt.% (TRIPO!) and 1.30 ± 0.03 wt.% (TRIP02). It is noted that 
bainitic ferrite grains in the TRIP02 were predominantly long and parallel laths while those in the 
TRIPO 1 steel had random orientation. 
Fig. 3 Optical micrographs of the (a) TRIPOl and (b) TRIP02 steels after PS/BH treatment. 
Fig. 4 Bright field TEM images of the (a) TRIPOI and (b) TRIP02 steels ill the as-received 
condition, and (c) TRIPOI and (d) TRIP02 after PSIBH treatment. PF: polygonal fenite, RA: 
retained austenite, BF: bainitic fenite, and M: mrutensite. Black arrows denote localised regioIL'.l of 
increased dislocation density and white arrows indicate carbides. Inset: right-top - selected area 
diffraction pattem of iron carbide in BF [112]a II [1 OO]e); bottom-left - cell stmcture in PF. 
Fig. 4 illustrated a more detailed microstmcture of the steels ailer different processing. The 
microstrncture in the as-received state was composed of polygonal fenite, carbide-free bainite, 
retained austenite and martensite (Figs. 4 (a) and (b). After the PS/BH treatment, a lot of 
dislocations were obselved in the polygonal ferrite, as seen from Figs. 4 (c) and (d). The most 
affected regions of PF grains were in the vicinity of mrutensite or retained austenite crystals, as 
denoted by the black arrows. At the same time, the fonnation of dislocation cells in the polygonal 
fenite was also observed (Fig. 4 bottom-left inset). In addition, some small iron carbides were 
visible in the bainite ferrite, as denoted by white fllroWS in Figs. 4 (c) and (d) and the selected area 
diffraction pattern (SAED) in the right-top illset in Fig. 4 (d). The PS/BH treatment led to an 
increase in the average dislocation density of polygonal fenite from 1.75 x 10-14 m-2 to 2.7 x 10'14 
m-2 for the TRlP02 steel [7]. In addition, numerous iron carbides \vere apparent in the mm1ensite 
after PS/BH treatment (Fig. 5). 
Fig. 5 Dark field TEM image and corresponding selected area ditli:action pattem of the carbide 
fonnation in martensite in the zones axis of [1l3](X II [21O]c in the TRlP02 steel after PS/BH 
treatment. M: maltensite. 
C. Atom probe tomograplty (APT) cltaracterisations 
APT was used to study the paliitioning of carbon and other alloying elements and solute 
segregation in the difIerent phases in the as-received condition and after the PSIBH treatment In 
this study, tIle phases were distinguished based on their carbon content, i.e. < 0.07 a1.% was 
polygonal ferrite, 0.1-0.3 a1.% bainite and >2 a1.% martensite or RA [13]. In the as-received 
condition, the fonnation of three main regions in the microstmcrure of both steels was detected: (i) 
carbon-depleted region with an average carbon content of between 0.003 at% and 0.02 at.% (Figs. 
6 and 7), (ii) a carbon-emiched region with average carbon content of between 3 a1.% and 5.5 at.% 
(Fig. 7), and (iii) a volume or region, which call be described as a nrixtlu'e of carboll-emiched (5.10 
± 0.20 at.%) and carbon-depleted (0.20 ± 0.03 at%) regions (Fig. 7). A sunnnary of their major 
elemental concentrations is given in Table 3. Therefore, from this the ftrst region was polygonal 
ielTite, the second retained austenite or martensite, and the third region \vas bainite, where the 
carbon-rich region was retained austellite/lnartensite and the carbon-depleted region was bainitic 
ferrite. In both steels the Si content of polygonal ferrite was higher than the nominal Si content 
while the Mll content was lower (Table 3). In addition, slnall iron carbide particles appeared in tIle 
as-received TRIPO I steel (Fig. 6). As shown in the APT map of the as-received TRIP02 steel (Fig. 
7), tIle retained anstenite crystals may appear in bainite, which had a plate-like shape with a 
thickness of 16 ± 2 mn (Fig. 7) and contained a high carbon content (Table 3). The bainitic felIite 
was characterised by a significantly higher carbon content (-0.2 a1.%), lower Si content (~·2.8 at.%) 
and higher .Mn level (~1.5 at.%) than polygonal ferrite (Table 3). The bainitic fenlte in the TRIP01 
steel aner PS;BH treatment had higher than expected Si content (Table 3). This might be associated 
with the decomposition of bainitic ferrite during bake hardening resulting in the fonnation of iron 
carbides and rejection of Si back into the BF matrix (Fig. 8). 
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Fig. 6 Carbon atom map of as-received TRIP01 steel. 
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Fig. 7 (a) Carbon atom map of as-received TRlP02 sample showing bainitic felTite and retained 
austenite and (b) C, Mn and Si compositional profiles across along green (nearly horizontal) line of 
selected box shown in (a). 
Table 3. Concentrations of the major alloying elements (at.%) in the phases of as-received steels, 
except where indicated otherwise, detennined using APT and calculated based on the number of 
atom'>. 
Steel Phase C oncentratlon C Si Mn 
TRIPOI Polygonal ferrite < 0.003 4.02±0.Ol I.26±O.0l 
Bainitic fenite after PSIBH O.Il±O.Ot 3.30±0.1 1.44±O.O4 
Mattensite 3.22±O.01 3.61±0.Ol 2.28±O.Ol 
TRlP02 Polygonal fenite 0.O2±0.01 3.90±O.O3 0.90±O.03 
Retained austenite 4.60±0.O2 3.90±O.OS l.O2±O.03 
Bainite Bainitic ferrite O.20±O.03 2.80±O.O2 I.SO±O.02 
Retained austenite 5.l0±O.20 4.4O±O.O5 1.20±O.O3 
After the PSIBH treatment, the i{)rmation of Cottrell atmospheres at dislocations in the polygonal 
ferrite and bainitic ien1te was evident ii-om the atom probe maps (Figs. 8). The rod-like shape of 
carbon segregation to dislocations is dear fi-orIl two atom maps taken in perpendicular diredions 
(Figs. 8 (b) and (c», It is also clear fl.-om Fig. 8 (a) that C segregation was non-uniform along the 
dislocations forming a complex tangle, with the fonnation of iron carbides at dislocation 
intersections. The carbon concentration in the core of the atmosphere reached up to -7 a1.%. At the 
same time, concentration profiles across the coarsest carbides revealed a carbon content at the 
centre of ~21 at.% which is close to the level in Fe)C. Carbon segregations to the palticular plane in 
the coarse retained austenite clystals were observed in the TRlP02 after PS/BH (Fig. 9 (a». The 
angle between the saturated planes was ±3So. The compositional profiles across these planes 
showed the carbon emichment to 7±0.08 at.%, while Si and Mn concentrations were similar to the 
matrix composition (Fig. 9 (b». 
(b) 
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Fig. 8 (a) Cat'bon atom map of carbon segregation and iron carbides, and (b) and (c) representative 
selected C atom lnaps of a Cottrell atmosphere from two peqJelldicular directions of the TRIPO I 
steel after PSIBH treatment. 
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Fig. 9 (a) Carbon atom map of segregation of carbon to the plane in the TRIP02 steel after PS/BH 
treatment and (b) corresponding C Mn and Si compositional profiles across the retained austenite. 
DISCUSSION 
BoHI steels showed continuous yielding in the as-received condition, while they exhibited a yield-
point phenomenon on the stress-strain curves after PS/BH treatment (Fig. 1). However, the strain-
hardening rate of the TRIPO 1 steel after PSIBH treatment displayed the transition fi:om continuous 
to discontinnous strain-hardening behaviour; whereas the strain-hardening cruve of the TRlP02 
steel still showed a continuous behaviour similar to the as-received condition (Fig. 2). Both steels 
demonstrated sufficient bake-hardening response and a slight increase in HIe ultimate tensile 
strength (10-15 MPa), accompanied by HIe reductions in both total and uniform elongations (Table 
2). It has been suggested that this is a result of martensite and bainite strengthening effect. The 
bake-hardening effect could be related to the microstl1lctural changes taking place during the pre-
straining/bake-hardening treatment. The main changes were: (i) a decrease in the volume fi'actioll of 
retained austenite; (ii) an increase in the average dislocation density of polygonal ferrite; (iii) the 
formation of cell substructure in the polygonal ferrite; (iv) a localised increase in the dislocation 
density of the polygonal ferrite regions adjacent to martensitelRA; and (v) the formation of fine iron 
carbides in bainite and mattensite. According to the stress fields of the dislocations I 14], a rapid 
stress-induced ordering of solute carbon atoms can take place easily into preferred positions in iron 
carbides dru'ing straining, and the carbon atoms could migrate towards the dislocation under 
straining, TIlereafier, at the bake-hardening temperature additional carbon atoms would be able to 
migrate to the dislocations to form clusters or fine particles, This was proved by both TEM and 
APT observations (Figs, 4 ( c) and (d) and Fig, 8), where plenty of iron carbides were visible in after 
PS/BH treatment. The precipitation of iron carbides resulted in an increase in strength but a 
reduction of ductility, Moreover, the additional effect of the increased dislocation density near 
PFIRA or PFIM interfaces should be considered. In generaL the yielding point on stress-strain 
curves occurs as a result of unlocking dle dislocations from Cottrell atmospheres by a high stress or 
for case of a strong pinning by fine precipitates, by creating new dislocations. As seen from Fig. 8, 
there is strong evidence of Cottrell atmospheres in the TRIPO 1 steel after PSIBH treatment. 
Together \vidl the presence of a localminimrun on the stt'ain-hardening rate cmve in tIle Fig. 2(a), 
this indicates that dislocation mllocking process is responsible for the observed yield point drop in 
the TRlPO 1 steel. TIllS is not a case for the TRIP02 steel, as strain-hardening rate cmve shows 
continuous exponential decrease. Thus, yield point phenomenon in TRIP02 is associated with the 
increase of the number of mobile dislocations due to the generation ofthe new ones. TIlis difference 
in steels behaviour is due to tIle main microstmctural difference of both steels. As seen from Fig. 3, 
there was about 70% polygonal ferrite in the TRIP02, in which numerous new dislocations easily 
fonned during pre-straining, as well as during tensile testing of pre-strained and bake-hardened 
samples. TIlere was much less polygonal ielTite (~30%) and much lllore bainite (~56%) in TruP01, 
which was not as susceptible to pre-straining as PF and in which the fonnatioll of Cottrell 
atmospheres took place [4]. 
CONCLUSIONS 
A pre-straining and bake hardening treatment led to a significant strength increase in CMnSi TRIP 
steels with some reduction in ductility. The observed efIects of pre-straining and bake hardening 011 
the mechanical behaviour of the steels were associated with the main changes in dleir 
mit-'rostmcture: microstructural changes in polygonal ienite, such as an increase in the dislocation 
density and the formation of cell substructure, a localized increase of the dislocation density in the 
polygonal ferrite regions adjacent to martensite and the fonnation of fine precipitation in bainite 
and martensite. It was concluded that the observed yield point phenomenon was due to dislocation 
unlocking in the TRIPO I steel, which contained bainite as a dominant phase. Contrarily, fonnation 
of new mobile dislocations was the reason for the yield drop in TRIP02 steel, in which polygonal 
iel11te was a major phase. 
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